The opportunistic pathogen Staphylococcus aureus encounters a variety of host defence systems depending on its localisation during colonisation in the nares, systemic infections within the body, or persistent infections within cells or embedded in biofilms. To respond rapidly to these different environments, this bacterium has evolved, in its longstanding interaction with animal and human hosts, a variety of mechanisms to fine-tune its gene expression. RNA metabolism, including transcription, processing, translation into proteins and RNA decay, is a central player in this response and might in the future be used to treat this feared pathogen.
Introduction
Staphylococcus aureus is an opportunistic pathogen that colonises the nares of 20 to 30% persons [1] . In most cases this harmless colonisation remains without consequences. But this commensal can also cause skin infections such as boils or carbuncles. More importantly, it can also cause severe or life-threatening infections such as bacteraemia, endocarditis, or osteomyelitis. Finally, several strains of S. aureus produce toxins that may cause food poisoning or lead to the feared toxic-shock syndrome caused by superantigens. S. aureus is notoriously known for healthcareassociated infections by methicillin resistant strains (MR-SA), but community-onset infections (Co-MRSA) with fatal outcome in otherwise healthy young people were also reported in recent years [2] . In addition to acute infections, chronic infections by S. aureus pose a real challenge since the bacteria are difficult, often impossible, to eradicate, even with adequate and extended antibiotic treatments. Importantly, these prolonged treatments of persistent infections lead to the selection of strains resistant to many antibiotics. S. aureus is continuously confronted with a sophisticated and very efficient innate immune system. Through its evolutionary association with its host, it has, however, developed a myriad of different defence strategies (table 1 and fig. 1 ). First, the pathogen can interfere with the signalling that allows the attraction of neutrophils or the activation of the complement. Once in contact with host defence mechanisms, the pathogen actively counteracts reactive oxygen species, blocks the action of antimicrobial peptides, or produces phenol soluble modulins (PSMs) to escape from the phagosome. To avoid killing by host defence cells, these bacteria also produce a variety of toxins, and finally, the pathogen produces coagulase to convert fibrinogen into fibrin to help wall off the pathogen from host defence. Here we describe how this skilled pathogen can rapidly adapt to a variety of different growth conditions and modulate its gene expression in the presence of these host defence mechanisms by changes in transcription, RNA processing and RNA decay.
Transcription
Gene expression depends on many different elements, from transcription to decay of RNA and proteins. The first step in gene expression is promoter recognition by the RNA polymerase. For this recognition, the core enzyme, constituted of five subunits (α2ββ′ω), associates with a sigma (σ) factor responsible for promoter recognition ( fig.  2A ). Whereas the housekeeping sigma A (σ A ) is responsible for the recognition of the majority of promoters, sigma B (σ B ) plays an important role in the stress response in many low guanine-cytosine Gram-positive bacteria, such as Bacillus, Listeria and Staphylococcus (for review see [24] ). In S. aureus, microarrays have shown that σ B influences the expression of 251 open reading frames (ORFs; 198 positively, 53 negatively) [25] . In a genome-wide transcription start site analysis, we have identified 121 sites preceded by a typical σ B promoter sequence [26] . Amongst the genes regulated by σ B we find many genes important for host-pathogen interaction. Moreover σ B regulates positively the transcription factors SarA, SarS and ArlRS, that will further contribute to the wide effects of the σ B regulon [25] . Another example of indirect regulation is the control of small regulatory RNAs (sRNA, see below), such as RsaA that represses the transcription factor MgrA [27] that controls indirectly clumping [28] . Recently it was also shown that RsaA controls the expression of SsaA-like proteins that are involved in peptidoglycan synthesis and control of the anti-inflammatory protein FLIPr ( fig. 1) [29, 30] . Finally it has been shown that σ B is important for chronic infections as a result of intracellular survival and that sigB mutants are readily cleared from the host and fail to form small colony variants, SCVs [31] . SCVs show a reduced metabolism and readily survive within eukaryotic cells. The sigma factor H has been shown to regulate several genes required for competence (DNA transformation) in S. aureus [32, 33] . S. aureus strains are known to encode many mobile elements, including bacteriophages, plasmids, chromosomal cassettes and pathogenicity islands, that are responsible for toxin production and the multiple antibiotic resistances these bacteria can acquire. Thus transformation, as a way of horizontal gene transfer, is very important. For a long time it was thought that S. aureus was not able to take up naked DNA by transformation, but Morikawa and co-worker showed that overexpression of σ H leads to low frequency transformation. Using an elegant genetic screen it was later shown that σ H expression can spontaneously occur upon genetic rearrangements in the S. aureus genome [32] . Thus, by selecting a subset of promoters, additional sigma factors can activate the transcription of genes required for the adaptation to particular growth conditions.
Translation
Once a messenger RNA (mRNA) is made, it is generally recognised at one or several ribosome binding sites (RBS), also called Shine-Dalgarno sequences, by the small ribosomal subunit. This recognition requires a complementary sequence in the 16S ribosomal RNA (rRNA) and the efficiency of translation depends on the quality of the hybridisation reaction. Thus, in contrast to eukaryotic translation, initiation in bacteria uses not a scanning mechanism, but rather internal binding sites. The control of translation on an individual mRNA can therefore be regulated by hiding the RBS, either by forming a secondary structure, by binding an antisense small RNA (sRNA), or by protein binding ( fig. 2B) . A magnificent example is the thermosensor in Listeria monocytogenes, where a secondary structure inhibits ribosome binding on the mRNA of the transcription factor PrfA [34] . At 37°C, however, the secondary structure is unfolded giving access to the ribosome and allowing translation. This in turn leads to the expression of virulence factors required during infection, but not during growth in the cold. To our knowledge, no thermosensor has yet been described in S. aureus, but they are present in other opportunistic pathogens inhabiting the nares, such as Neisseria meningitidis [35] . Nevertheless, an almost classical example for translational regulation by secondary structure is the pE194 plasmid-encoded combined resistance towards macrolides, lincosamides and streptogramin B through methylation of the ribosomal RNA [36] (fig.  3 ). This mRNA can form two secondary structures. A first structure can be made from repeats 1 and 2 or from repeats 2 and 3. This second possibility (2•3) is mutually exclusive with the second secondary structure, which is formed from repeats 3 and 4. Importantly, this second structure (3•4) blocks access of the ribosome for methylase translation. The clue in the regulation of translation initiation of the methylase is the presence of a short, 19 codon long, upstream ORF on the mRNA. If the ribosomes translating the leader peptide are inhibited by an antibiotic, such as erythromycin, half of the first secondary structure (repeat 1) is covered by ribosomes, thereby freeing repeat 2, which in turn will hybridise with repeat 3. The result of these interactions is that repeat 4 cannot be involved in secondary structure formation and the RBS for the methylase remains accessible, and the bacteria will methylate the rRNA and become antibiotic resistant [38] . In addition to this inducible antibiotic resistance, mutations can occur that have part of the regulatory region deleted and thereby
The battle between the pathogen and the host immune system. During infection, the bacteria encounter a series of efficient host defences that eliminate most pathogens. Although adaptative immunity certainly plays a role in our defence against S. aureus, it is mainly the ensemble of the actors of innate immunity that contain this opportunistic pathogen.Interference with signalling for neutrophil recruitment and complement activation, weakens the host defence. Neutrophils are the first line of immune defence and circulate in the body to phagocyte and eliminate the pathogens. S. aureus secretes a variety of effectors that interfere with neutrophil recruitment, such as the CHIPS (chemotaxis inhibitory protein of S. aureus) [3] , or staphopain (to cleave chemokine receptors) [4] . Another important host defence strategy is the activation of the complement with two main aims: decorating the bacteria with the opsonin C3b to facilitate opsonisation and to liberate the chemokine C5a to attract immune cells to site of infection. Decoration by opsonin is less efficient on capsulated bacteria, and some S. aureus strains produce capsules [5] . Interestingly, in a population capsular expression is heterogeneous and growth and medium dependent, multiplying the possibilities of the bacterium to face different environments. C3b production can also be inhibited by a small secreted peptide, SCIN, that binds to the C3 convertases (C4b2A and C3bBb), leading to a decrease of surface bound C3b [6] . Similarly, the extracellular complement binding protein Ecb and its homolog Efb (for extracellular fibrinogen binding protein) were shown to bind and inhibit C3 [7] . Moreover, many pathogenic bacteria including S. aureus, secrete proteases to inactivate complement proteins. For example, S. aureus secretes protease V8, aureolysin (Aur), and Staphopain A and B, interfering with the complement reaction [8] . Finally, S. aureus secretes cell-wall-bound or free proteins (protein A and the second immunoglobulin-binding protein, sbi) that bind immunoglobulins at their Fc region, thereby inhibiting the classical complement activation and phagocytosis [9] .The armour of the pathogen protects against host weapons. Although S. aureus has developed or acquired many different strategies to avoid phagocytosis, some cells will face a hostile environment if taken up by phagocytes. The phagocytic cell uses the NADPH oxidase (NOX) to produce superoxide (O 2 -), which will be converted by dismutases to hydrogenperoxide (H 2 O 2 ), which are bactericidal by creating hypochlorous acid using myeloperoxidase. To avoid killing by these harsh and bactericidal conditions, S. aureus has developed several ways to survive. It will accelerate the formation of H 2 O 2 by superoxide dismutases [10] , and then rapidly catalyse (catalase, KatA) the conversion of hydrogenperoxide into water and oxygen [11] . Finally, Staphyloxanthin, a powerful antioxidant responsible for the characteristic golden color of S. aureus also diminishes the damage by oxidative stress [12] . In some cases, the neutrophils sacrifice themselves to form the so-called NETs, Neutrophil Extracellular Traps [13] . This process, called NETosis, liberates the cellular chromatin trapping the bacteria in this network and killing them with the liberated content of the granules. The bacteria respond with the secretion of DNases to weaken the host defence [14] . Intriguingly, using this arsenal of virulence factors, S. aureus is even able to use the phagocytes as Trojan horses to disseminate [15, 16] .To avoid damage by granulosome contents, S. aureus modifies its peptidoglycan cell wall to make it resistant to lysozyme, insert molecules that inhibit binding of antimicrobial peptides (dlt operon for adding D-alanyl esters to teichoic acids) or degrade said peptides [17] . Trapped in a phagosome, S. aureus tries to escape into the cytoplasm by using phenol soluble modulines (PSMs) and other membrane damaging proteins.In some cases counterattack is the best defence and the bacteria try to avoid the confrontation with host immune cells. S. aureus produces several toxins that lyse leukocytes. These toxins are divided into β-barrel toxins and bicomponent leukocidins. The 7-subunit α-toxin forms pores in platelets, endothelial cells, and leukocytes [18, 19] . The bicomponent toxins in human strains are composed of 8 subunits (Panton Valentine leukodicin (PVL), γ-haemolysin (HlgAB, HlgCB), LukED, LukAB). These toxins are not to be confounded with superantigens that activate non-specifically T-cells causing cytokine storms.Finally, walling off the pathogen may also block access of leukocytes to the site of infection. In contrast to non-aureus Staphylococci (historically called the albus Staphylococci, nowadays coagulase-negative Staphylococci), S. aureus encodes a coagulase that was investigated by Chapman and colleagues [20] . Coagulase activates prothrombin by binding, but without the activating cleavage [21] , to become (staphylo-)thrombin, which will convert fibrinogen into fibrin. The fibrin deposition will help to wall-off the pathogen and prevent access of leukocytes. In addition to coa, the coagulase, S. aureus encodes a second protein, the von Willebrand factor binding protein (vWbp) that can activate prothrombin in a similar way [22] . To observe a clear effect in a mice infection system, both genes need to be inactivated [23] . Although it may be advantageous to wall-off from the immune system, bacteria may also want to disseminate. In the case of S. aureus, the secreted staphylokinase is expressed at high cell density and forms plasmin from plasminogen. Plasmin is required to digest fibrin, and thereby allows bacteria to escape, but the role of the staphylokinase in pathogenicity is not well established.
constitutively express the methylase. In addition to this possibility to form intramolecular secondary structures, the S. aureus genome encodes many small non-coding RNAs that can anneal with mRNA and thereby influence translation efficiency, as described below. Thus by modulating the access of the small ribosomal subunit to mRNA, the bacterium can very rapidly respond to environmental changes.
Small regulatory RNAs
Almost 40 years ago, the presence of a small antisense RNA was found to be involved in replication control of the Escherichia coli plasmid colEI [39, 40] . In this case, the RNA serving as primer for replication changes its conformation when hybridised with the sRNA, preventing RNase H cleavage of the RNA to serve as primer for replication initiation. Since then, the world of small regulatory RNAs has exploded, and nowadays many sRNAs are found to be involved in plasmid replication and virulence gene expression. In S. aureus, over 550 sRNAs are known and many of them regulate virulence factors [41] . These sRNAs can be cis-encoded, which means that they are produced from the complementary strand of the target mRNA and thereby fully match the target sequence. Others may be trans-encoded, i.e., they will act at one or more target genes located elsewhere on the genome. Through annealing with their target they can hide the ribosome binding site on mRNAs and thereby inhibit translation. In some cases, the annealing may also change the ability of mRNAs to fold into secondary structures and thereby allow or inhibit access of the ribosome to its binding site. In addition to an inhibitory function on translation initiation, double stranded RNA is a target for RNase III cleavage, which may initiate rapid RNA decay [42] . Finally, some sRNAs offer multiple protein binding sites, which will titrate out regulatory proteins that will no longer be available for their target RNAs [43, 44] . However such a regulatory mechanism has, to the best of our knowledge, not yet been described for S. aureus. A paradigm of a small regulatory RNAs in S. aureus is RNAIII, an effector molecule of the agr quorum sensing system [45, 46] . The agrBDCA operon encodes a small peptide (AgrD or autoinducing peptide, AIP) that is secreted by AgrB. At high cell density, sufficient AIP is produced to successfully bind to the AgrC two-component receptor (fig. 4) . Binding of AIP to AgrC induces autophosphorylation and phosphotransfer to AgrA, which then will be able to act as transcription factor. Activated AgrA induces transcription of the genes encoding phenol-soluble modulins (PSMs), which are small amphipathic α-helical peptides making pores in host cell membranes [47] . Moreover, AgrA also induces transcription of both the agrBD-CA operon (thereby inducing a positive feedback loop) and RNAIII from a divergent promoter. This sRNA, which also encodes the δ-toxin (a PSM), negatively regulates surface proteins and some regulatory proteins by blocking the ribosome-binding site and by presenting a target for RNase III to induce degradation of the target RNA [48, 49] . In addition, RNAIII binds to mRNAs of secreted toxins to unfold secondary structures and thereby free the ribosome-binding sites, allowing translation of these proteins [50, 51] . An example of a cis-encoded sRNA is the regulatory element controlling plasmid replication in many S. aureus plasmids belonging to the pSK1 and pSK41 families [52, 53] . These plasmids are present in many clinical strains, and encode toxins and antibiotic resistance genes, such as β-lactamases. It has been postulated that the mRNA of the RepA protein, required for initiation of plasmid replication, has a long 5′ untranslated region that can form different and mutually exclusive secondary structures. In this model, in presence of a cis-acting sRNA (RNAI), the beginning of the repA mRNA will be double stranded with RNA I, and the remaining part of the 5′UTR is folded in a secondary structure that is limiting translation initiation, and thereby replication. The synthesis of small regulatory RNA molecules is a rapid way to influence translation and the stability of mRNAs. In addition to rapid response to changing conditions, the synthesis of an sRNA is not as energy consuming as that of a complicated regulatory protein.
RNA processing and decay
To adapt to changing environmental conditions, such as in an infection, it is not only necessary to turn on certain virulence genes, but also important to stop expression of genes that may hinder the infection process. Therefore it is important that RNAs can also be efficiently degraded. Bacterial mRNAs are protected on their 5′ end by the triphosphate of the first nucleotide and at their 3′ end by secondary structures, which impede the degradation by 5′-3′ and 3′-5′ exoribonucleases, respectively. Thus degradation may be initiated by removal of a pyrophosphate at the 5′ end or by an internal cleavage ( fig. 2C ). The removal of the 5′ pyrophosphate occurs by enzymes of the Nudix family, such as RppH, and was first described for E. coli [54] . The S. aureus genome encodes several of these enzymes, and it has not been established to what extent they influence RNA turnover and virulence [55] . Once the 5′ end becomes accessible, RNase J, in S. aureus a tetramer of RNase J1 and RNase J2, rapidly degrades the unprotected RNA. This 5′-3′ RNase, which is not present in all bacteria, was first described in B. subtilis [56, 57] , but is also present in S. aureus [58, 59] . The initiating endonucleolytic cleavage is performed by RNase E in E. coli and by RNase Y or by RNase J in B. subtilis. Whereas the inactivation of RNase Y in B. subtilis has a major impact, it seems to be less important for general RNA degradation in S. aureus [60, 61] . It has been shown that RNase J can also have an endonu- Resistance to these antibiotics occurs by methylating the ribosomal RNA to prevent binding of the antibiotic. The expression of the methylase is normally repressed by occluding the RBS in a secondary structure (3•4) . In presence of the antibiotic, the translation of an upstream open reading frame will be blocked. This in turn will block the first inverted repeat and thereby allow the formation of the secondary structure 2•3. Since the inverted repeat 3 is already engaged, the inverted repeat 4 is free and the RBS for the methylase remains accessible, allowing expression of the resistance phenotype. Deletions can occur in the regulatory region and lead to constitutive MLS resistance [37] .
cleolytic activity [62, 63] . Both RNase J1/J2 and RNase Y were found to be present in the so-called degradosome, an RNA-degrading complex analogous to the eukaryotic exosome. As in its eukaryotic counterpart, the bacterial degradosome also contains an RNA helicase. In S. aureus this is the DEAD-box protein CshA [59, 64] . The bacterial degradosome also contain the metabolic enzyme enolase, which in some species can be replaced by aconitase and is supposed to link degradation to the metabolic activity of the cell [65] . One of the early indications that RNA turnover is important for virulence came from infection experiments in the silk worm [66] . In this experiment, 100 genes conserved amongst pathogenic bacteria were inactivated and the resulting bacteria injected into the haemolymph of the worms. From these, three candidates with attenuated virulence were further investigated (cvfA/SA1129 encoding RNase Y, cvfB/SA1223, cvfC/SA1262). An analysis of the agr mRNA showed decreased expression of the operon and its effector RNAIII in the RNase Y mutant. It was later shown that cvfA mutants are attenuated in a mice bacteraemia model using S. aureus Newman strains (see below) [67] . Both the RNase J genes and the gene for the RNA helicase CshA were identified in a screen for mutants deficient in biofilm formation [68] . We have subsequently shown that the inactivation of CshA results in increased stability of the agr mRNA and thereby in an increase of RNAIII [69] . It is likely that this increase of RNAIII results in reduced surface attachment, i.e., biofilm formation, and increased secretion of exoproteins, such as haemolysins ( fig. 4) . Very recently, a beautiful example of mRNA processing by RNase Y and its influence on gene expression has been reported [70] . The SaePQRS operon (Sae for S. aureus exoprotein expression [71] ) encodes the two-component system (TCS) SaeRS that is involved in the regulation of haemolysins, nucleases and coagulase upon recognition of signals from the human defence system, such as α-defensins or hydrogen peroxide [72] . The SaeP and SaeQ proteins are accessory proteins, whereas the SaeR and SaeS proteins constitute the TCS transcription factor and the sensor kinase, respectively. Marincola and Wolz showed that RNase Y is required for cleavage of the fulllength transcript resulting in a stable downstream mRNA encoding the TCS components and a rapidly degraded upstream RNA fragment [67, 70] . It has been shown that mutations in the sae TCS strongly attenuate damage caused by the bacteria on macrophages through the induction of the Panton-Valentine leukocidin (PVL) and the LukAB leukocidin [73] . Thus, RNase Y, together with exoribonucleases, allows differential expression of genes involved in virulence regulation. Thus, processing and RNA degradation are important to maintain cellular equilibria and to eventually rapidly change expression profiles.
Toxin-antitoxin systems
The toxin/antitoxin (TA) systems were originally discovered by studying partitioning systems in plasmids (for reviews see [74, 75] ). The principle is the presence of an unstable antitoxin that inhibits the function of the toxin, but the toxin will become active when the antitoxin is no longer produced because the plasmid is lost or the antitoxin level is reduced for any other reason. These systems have also been termed addiction systems, since bacteria that lose a plasmid would die. Different types of TA systems are classified according to their molecular composi- Figure 4 : The quorum sensing system. The quorum sensing system agr (for accessory gene regulator) is encoded by an operon. The first open reading frame encodes the transporter AgrB, which is required for secretion and processing of the AgrD, the auto-inducing peptide, AIP. At sufficiently high cell concentration or in constraint environments, the concentration of AIP reaches a threshold and induces the two components system AgrCA, where AgrC activates AgrA. AgrA is a transcriptional activator required for the expression of PSMs and the effector molecule RNA III. RNA III is a paradigm of a regulatory RNA. It binds to the RBS on the mRNA of many genes and inhibits thereby translation. In some instances it binds to upstream sequences, helping to unwind secondary structures that occlude RBS elements and in these cases RNA III acts positively on translation. tion and function. In S. aureus three systems are known as of today [76] . The type I system consist of a membrane damaging peptide, the toxin, and an RNA that inhibits the translation of the peptide either by blocking translation or by inducing degradation of the toxin's mRNA. The release of membrane-damaging toxin will arrest growth and kill the bacteria, but can also contribute to the escape of bacteria from vacuoles and damage competing bacteria or erythrocytes. In this case the toxin-producing bacteria would act like the Swiss Winkelried (who sacrificed himself in the battle of Sempach in 1386 to give victory to his confederates), sacrificing themselves for the survival of their sisters [77] . The type II systems are composed of two peptides, plasmid or chromosome encoded. The toxins of these systems are RNases that cleave mRNAs in a ribosome-dependent or -independent fashion, and thereby arrest growth of the bacteria [78] . The type III TA systems are composed of a toxin protein that is neutralised by binding to an RNA pseudoknot [79] . Per se, these systems are so far not known to participate in virulence expression. Nevertheless, the faithful maintenance of plasmids, bacteriophages or pathogenicity islands can contribute to the pathogenicity of the bacteria. Moreover, it was shown in E. coli that ciprofloxacin treatment induces a toxin/antitoxin system to block bacterial growth, and thereby cause persistent infections, despite the sensitivity of the bacterium to the antibiotic [80] . To our knowledge, such a situation has not (yet) been described for S. aureus.
Conclusion
Many pathogenic bacteria, including Staphylococcus aureus, face different environmental conditions to which they need to adapt rapidly. A common theme for these bacteria is the regulation of gene expression on the transcriptional and post-transcriptional level. In recent years, new-generation sequencing methods combined with more classical genetic tools have revealed a large diversity of regulatory levels. By these methods it has also become possible to monitor gene expression in infection systems, to better understand the behaviour of this feared pathogen. More recently, it was also proposed that RNA metabolism would be a suitable target in treating S. aureus infections [81, 82] . Although currently still a dream for the future, influencing RNA metabolism may become a way to eradicate dormant bacteria or other persistent infections.
